Here we used the combination of peptide pulldown assays and mass spectrometry to identify and compare protein-protein interactions of phosphorylated and nonphosphorylated ␣-synuclein. We showed that non-phosphorylated ␣-synuclein carboxyl terminus pulled down protein complexes that were highly enriched for mitochondrial electron transport proteins, whereas ␣-synuclein carboxyl terminus phosphorylated on either Ser-129 or Tyr-125 did not. Instead the set of proteins pulled down by phosphorylated ␣-synuclein was highly enriched in certain cytoskeletal proteins, in vesicular trafficking proteins, and in a small number of enzymes involved in protein serine phosphorylation. This targeted comparative proteomics approach for unbiased identification of protein-protein interactions sug-
␣-Synuclein is a 140-amino acid protein that is highly expressed in the brain and localizes at presynaptic terminals (1) . The protein is associated with several neurodegenerative diseases, and mutations and copy number variants in the gene coding for ␣-synuclein have been linked to familial Parkinson disease (PD) 1 (2, 44) . The presence of large amounts of ␣-synuclein in the insoluble aggregates known as Lewy bodies, a pathological hallmark of all PD including sporadic disease, also suggests a connection between the protein and disease.
The protein is predominantly natively unfolded in solution but can bind to phospholipid membranes by adopting an amphipathic helical conformation in its amino-terminal 100 amino acids (3) . The remainder of the protein, an acidic, hydrophilic 40-amino acid carboxyl-terminal tail, is thought unlikely to participate directly in membrane binding. A physiological role for vesicle binding by ␣-synuclein is suggested by the observation that in PC12 and chromaffin cells ␣-synuclein appears to be a negative regulator of synaptic vesicle exocytosis and neurotransmitter release (4) . In addition, loss of ␣-synuclein in cell culture or in mice results in a significant decrease in the population of presynaptic vesicles in the resting or reserve pool (5) (6) (7) . Further support for a role of ␣-synuclein in vesicular trafficking comes from modifier screens in Caenorhabditis elegans showing that the toxicity that arises from expression of ␣-synuclein may be modified by proteins involved in vesicle trafficking (8, 9) .
The carboxyl-terminal portion of ␣-synuclein can be phosphorylated at tyrosine at position 125 (Tyr-125) and at serine at position 129 (Ser-129) by Src family kinases and various casein kinases, respectively (10 -12) . ␣-Synuclein phosphorylated at Ser-129 is the predominant form of ␣-synuclein in Lewy bodies but constitutes only a very small fraction of soluble ␣-synuclein in the neuron (13, 14) . There is, however, controversy over the extent to which phosphorylation of ␣-synuclein at Ser-129 is important in the causation of PD. A phosphomimic form of ␣-synuclein with aspartic acid replacing serine at position 129 (S129D) was shown to enhance the toxicity of ␣-synuclein in a Drosophila model for PD (15) . In contrast, overexpression of S129D ␣-synuclein using adeno-associated virus injected directly into rat brains appeared relatively non-toxic, whereas the non-phosphorylatable version, with alanine replacing serine 129, was highly neurotoxic (16) . Thus, identification of proteinprotein interactions of ␣-synuclein that depend on the phosphorylation state of ␣-synuclein at Ser-129 or Tyr-125 is likely to shed light on the normal physiological function of ␣-synuclein phosphorylation as well as identify potential pathways for Lewy body formation and ␣-synuclein toxicity.
We hypothesized that the hydrophilic tail of ␣-synuclein constitutes a domain that participates in phosphorylation statedependent protein-protein interactions intrinsic to the normal function of ␣-synuclein. Mass spectrometric analysis of protein-protein interactions offers a uniquely unbiased tool for elucidating the components of protein complexes. We decided, therefore, to undertake a mass spectrometric analysis of synaptosomal protein complexes that could be pulled down in vitro with a peptide containing the hydrophilic domain comprising the carboxyl-terminal 40 amino acids of ␣-synuclein. We used a targeted mass spectrometry-based functional proteomics approach to identify qualitative and relative quantitative differences in protein-protein interactions of phosphorylated versus non-phosphorylated ␣-synuclein. We showed that a phosphorylated peptide containing the carboxyl-terminal 40 amino acids of ␣-synuclein interacted preferentially with cytoskeletal proteins, vesicular trafficking proteins involved in endocytosis, and enzymes involved in protein serine phosphorylation, whereas the non-phosphorylated peptide interacted preferentially with mitochondrial electron transport chain complexes. This suggests that phosphorylation likely has a profound effect on the function and/or localization of ␣-synuclein.
EXPERIMENTAL PROCEDURES
Peptide Pulldowns-All animal work was done according to protocols reviewed and approved by the NHGRI Animal Care and Use Committee. Mouse brain synaptosomes were isolated as described previously (17) and frozen at Ϫ80°C. For human brain extract fresh normal cortical tissue from human brain was obtained by surgical removal from a single epilepsy patient, embedded in optimum cutting temperature compound, snap frozen in dry ice/isopentane, and stored at Ϫ80°C. The optimum cutting temperature compound was then removed from the tissue at Ϫ15°C in a Leica CM1900 cryostat by surgical dissection, and human synaptosomes were isolated and stored at Ϫ80°C as described previously (17) . Protein was quantified using the BCA assay with BSA as a standard (Pierce). The protocol for surgical sample collection (02-N-0014, Research Study of Specimens Obtained during Epilepsy Surgery) was approved by the NINDS Intramural Institutional Review Board. For both preparations, synaptosomes were solubilized in a Triton buffer (ϳ1.5% Triton, 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2 mM EGTA, 50 mM NaF, 0.5 mM sodium vanadate, 1ϫ protease inhibitor mixture (Sigma-Aldrich)) resulting in final concentrations of 1% Triton and ϳ5 mg/ml synaptosome protein and centrifuged at 16,000 ϫ g for 10 min at 4°C, and the supernatant was used for binding experiments.
Bait peptides consisted of amino-terminally tagged biotinylated peptides (Quality Controlled Biochemicals, Hopkinton, MA) ( Table I) . The peptides used were as follows: the non-phosphorylated carboxyl-terminal 40 amino acids of human ␣-synuclein (NP); carboxylterminal 40-amino acid peptides phosphorylated either at Ser-129 (pS129) or at Tyr-125 (pY125), respectively; and a scrambled control peptide with the same amino acid content as NP but with the residues in random order. Peptides were quantified by absorbance using a Beckman DU640 spectrophotometer (260 nm) and calculated using the molar extinction coefficient of each peptide or by the BCA assay with BSA as a standard (Pierce).
For binding incubations, 400 l of streptavidin-coated Dynabeads (Dynal, Carlsbad, CA) were incubated at 4°C overnight in binding/ wash buffer (50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2 mM EGTA, 50 mM NaF, 0.5 mM sodium vanadate, 1ϫ protease inhibitor mixture (Sigma)) with ϳ1.5 mg of solubilized mouse brain synaptosome protein and 4 nmol of biotinylated peptide. Final binding conditions contained ϳ0.15% Triton and ϳ800 mg/ml synaptosome protein.
Samples were washed three times in binding/wash buffer, and proteins were eluted in SDS loading buffer (50 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 0.1% bromphenol blue) by heating at 65°C for 5 min. Binding incubations for each peptide were performed in duplicate and combined prior to elution. The eluted proteins were then heated at 95°C for 5 min and separated by SDS-PAGE (4 -20%) (Invitrogen), and the gel was stained with GelCode Blue (Pierce). All pulldowns and subsequent mass spectrometric analysis were repeated three times from three different pooled lysates.
In-gel Digestion-Each gel lane was manually excised top to bottom into 40 ϳ 2-mm bands. In-gel tryptic digestion and peptide extraction followed a modified version of a standard protocol (18) . Briefly individual gel bands were destained with 50% methanol in 100 mM ammonium bicarbonate, dehydrated with 50% acetonitrile followed by 100% acetonitrile, and dried. Samples were reduced and alkylated with 45 mM DTT at 60°C followed by 100 mM iodoacetamide at room temperature. Bands were again dehydrated with 50% acetonitrile followed by 100% acetonitrile and then were rehydrated with 200 ng of sequencing grade trypsin (Promega, Madison, WI) in 25 mM ammonium bicarbonate. Digestion was allowed to proceed overnight at room temperature. Peptides were extracted from the gel pieces with 30% acetonitrile, 1% formic acid and sonicated. Extraction was repeated with 70% acetonitrile, 1% formic acid, and supernatants were pooled and dried prior to analysis.
Mass Spectrometry-For one-dimensional LC-MS/MS samples were resuspended in 5% acetonitrile, 0.1% formic acid and injected into a series LC-VP HPLC system (Shimadzu, Columbia, MD) coupled to an ESI-LCQ Classic ion trap mass spectrometer (Thermo Electron, San Jose, CA). Samples were loaded onto a 75-m PicoFrit BetaBasic C 18 column (New Objectives, Woburn, MA). A linear separation (19) . The LCQ was operated in positive ion mode, and spectra were acquired for 60 min in a data-dependent manner with the top three most intense ions in the MS survey scan selected for MS/MS by CID. Precursor ions selected three times were excluded for 60 s. Peak lists were extracted with Thermo Electron Excalibur 2.0 extract_msn utility without smoothing or signal-to-noise thresholding.
Informatics-The resulting mass spectral peak lists were searched with the Mascot search engine (v.2.1.04; Matrix Sciences, London, UK) against the merged UniProtKB Swiss-Prot and TrEMBL protein sequence library (SPTremb_091706.fas). Search parameters were as follows: Rodentia species, trypsin specificity, one allowed missed cleavage, carbamidomethylation fixed modification, methionine oxidation variable modification, precursor ion mass tolerance of 2.0 Da, and fragment ion mass tolerance of Ϯ0.8 Da.
Pulldown assays were replicated with three different lysates resulting in three gels of four lanes each for MS/MS analysis. The tryptic digests of each of the 40 segments were analyzed by LC/MS/MS, resulting in ϳ75,000 MS/MS spectra per lane when the files from all gel segments were concatenated. Only assigned probable peptide sequences with Mascot Ion Scores exceeding their Identity Scores were used throughout this study to produce minimal, parsimonious protein lists concatenated for each full gel lane. All results from a given pulldown experiment are the pooled data from triplicate gel lanes facilitated by the in-house software MassSieve (20) and DBParser 3.0 (21-23). DBParser 3.0 and MassSieve were also used for peptide and protein level parsimony comparisons across multiple experiments. Additionally individual peptides were culled prior to parsimony analysis if they were only observed once across all experiments.
Label-free relative quantification was determined by two methods. In the first method, differentiation was based on the total peptide "hits" or observations per protein (total number of independent spectra assigned by Mascot to peptides from a given protein and with Ion Scores greater than Identity). Each experiment was normalized relative to total peptide hits for a given bait (24, 25) . The number of hits per peptide was distilled by MassSieve to generate the integral of the total number of observations of peptides from a given protein (20) . Differences in the affinity of a bait peptide complex for a given protein were calculated as the ratio of normalized peptide hits of one ␣-synuclein form relative to another.
In the second quantification method, an integral of ion current intensities of the peptide parent ion was calculated by DBParser 3.0 from analysis of primary mass spectrometric survey scans. In brief, extracted ion chromatograms were generated from mass spectrometric raw data, and the integral areas were determined for peptides associated with Mascot peptide assignments identified with Ion Scores greater than Identity (21) (22) (23) . Summed maximum ion intensities for all peptides mapped to respective proteins were normalized to the total assigned ion current for each experiment. For both methods corresponding gel migrations could also be used to validate peptide comparisons.
Enrichment of a particular protein in a pulldown with either the phosphorylated or non-phosphorylated bait peptide was assessed using the ratio of normalized peptide hits or normalized ion currents for the peptides of that protein obtained using either the phosphorylated or the non-phosphorylated peptide. Enrichment was arbitrarily defined as a 2-fold greater number of normalized peptide hits or normalized ion currents for the phosphorylated versus non-phosphorylated bait peptide or vice versa.
Western Analysis-As an adjunct to mass spectrometric analysis, the gels containing synaptosomal proteins eluted from the washed streptavidin-coated beads were transferred to Hybond-P membrane (Amersham Biosciences), membranes were blocked in 5% nonfat milk, PBS with 0.1% Tween 20, and Western analysis was performed. Antibodies used were: core 1; core 2 complex III; and 39-kDa, 30-kDa (NDUFS3), and 17-kDa (NDUFB6) complex I (mouse monoclonal antibodies from Molecular Probes); adaptin ␤, clathrin heavy chain, and ␤-spectrin II (mouse monoclonal antibodies from BD Transduction Laboratories); and VDAC (rabbit polyclonal from Alexis Biochemicals). Proteins were then detected by ECL (Amersham Biosciences) and visualized by autoradiography.
RESULTS

Quantitative Analysis of Proteins Pulled Down with Different
␣-Synuclein Peptides-We sought to identify protein networks that interact with the carboxyl-terminal domain of ␣-synuclein in a phosphorylation-dependent manner. The experimental design was to pull down mouse brain synaptosomal proteins using biotinylated peptides representing the carboxyl-terminal portion (residues 101-140) of ␣-synuclein. The peptides were non-phosphorylated (NP), phosphorylated on serine 129 (pS129), or phosphorylated on tyrosine 125 (pY125). A biotinylated peptide with the same amino acids as the NP peptide but with the sequence scrambled was used as a control for nonspecific binding. The control lane (Fig. 1 , Lane 2) shows very few visible bands other than contaminating streptavidin and BSA products, indicating minimal nonspecific binding. In contrast, many proteins were present in the NP (Fig. 1, Lane 3 ). The pattern was markedly different from that with the phosphorylated peptides pS129 and pY125 (Fig.  1 , Lanes 5 and 6), which suggested a change in interaction proteins and justified pursuing the identification of these proteins.
Pulldowns were prepared in three independent replicate experiments. Each group of experimental replicate data was parsed into a single merged experiment and yielded a total number of spectra identified, with a Mascot Ions Score greater than its Identity score, of ϳ13,000 for NP, 15,900 pS129 spectra, 13,900 pY125 spectra, and 5300 for the control (supplemental Fig. 1 ).
Relative protein quantification determined using both peptide hits quantification and ion current intensity is shown in Tables II-V. We applied stringent thresholds to decide on the inclusion of proteins. First, comparisons were made across the three independent experimental replicates to establish reproducibility (supplemental Fig. 2 ). Only proteins identified in more than one gel and with greater than one peptide observation were included in the analysis; peptides observed only once across all experiments were discarded prior to analysis. Second, comparisons were based on proteins identified by 10 or more peptide observations. Third, to be considered specific, a protein had to have peptide hits greater than three times that of the scrambled control. Finally for affinity to be preferential, we required that there be 2 times the number of peptide hits depending on the phosphorylation status of the peptide. Ion current -fold changes were also calculated as an alternative to peptide hit quantification for confirmation of preferential affinity.
There were 85 proteins that showed very significant enrichment (affinity or -fold change) in pulldowns performed with pS129 and pY125 versus NP (Table II) . These proteins fell into a number of discrete functional groupings. Thirty-nine of these were cytoskeletal proteins, including microtubule-associated protein 1B (MAP1B) previously reported to interact with the carboxyl terminus of ␣-synuclein (26) . Our new finding is the significant enrichment for interaction with MAP1B when ␣-synuclein was phosphorylated. We also made the novel observation of significant enrichment for a number of presynaptic cytoskeletal elements, particularly the non-erythrocyte ␣II and ␤II spectrins (fodrins) along with the known spectrinbinding proteins ankyrin and band 4.1B (27, 28) . We also saw significant enrichment for ␤-and ␥-actin (29, 30) , non-muscle myosins, and one species of neurofilament. These proteins are present in the presynaptic portion of neurons and form a dense presynaptic cytoskeletal structure known as the presynaptic particle web (31) . A second functional group contained six proteins involved in synaptic vesicle endocytosis (32) . In particular, we saw the heavy chain of clathrin and the ␣-1, ␤-1, and subunits of the adaptor protein complex 2 (AP-2) enriched with pS129 and pY125 versus NP. A third group of nine proteins enriched in pulldowns with phosphorylated ␣-synuclein peptide were subunits of enzymes involved in serine/threonine phosphorylation and signaling such as three subunits of calmodulin (CaM) kinase II, the CaM kinase family member MARK2, casein kinase 1, and a serine/ threonine-protein phosphatase PP1A. Interestingly casein kinase 2, which is considered to be the kinase primarily responsible for Ser-129 phosphorylation of ␣-synuclein, was not seen (33) . Finally three members of the 14-3-3 family of protein chaperones were enriched in pulldowns using phosphorylated peptides. The interaction between 14-3-3 proteins and ␣-synuclein has been reported previously, although a preference for phosphorylated ␣-synuclein was not previously known (34) .
When we compared the enrichment for proteins pulled down by pS129 and pY125 versus NP, greater enrichment was seen, in nearly every case, with pS129 as compared with the pY125 peptide (Table III) . The one exception to this trend was the ␣ subunit of casein kinase 1.
A second class of proteins included those that were preferentially pulled down by NP as compared with pS129 and pY125 (Table IV) . The striking finding was that this class of proteins consisted nearly entirely of subunits of the mitochondrial electron transport chain. Of complex I proteins, we observed three of the seven mitochondrially encoded peptides and 28 of 39 nuclearly encoded proteins. We also observed seven of the 11 complex III proteins and eight of 13 complex IV proteins but no complex II proteins. Complexes I, III, and IV, but not complex II, together form a supercomplex, the respirasome (35) .
A third major class were proteins pulled down specifically by the carboxyl-terminal portion of ␣-synuclein as compared with the scrambled control peptide, but the affinity was independent of the phosphorylation status of the bait peptide (Table V) . The proteins in this group included microtubuleassociated proteins other than MAP1B, i.e. MAP1A, MAP2, and MAP4, as well as outer mitochondrial membrane transporters from the solute carrier 25 family and from the porin family of voltage-dependent anion channels. Although no enrichment was seen here, peptides that showed no quantitative differences may require a more targeted approach, such as multiple reaction monitoring analysis, to provide increased accuracy.
Western Blot Confirmation of Quantitative Mass Spectroscopy-We used Western blotting of the mixture of proteins pulled down by phosphorylated and non-phosphorylated peptides as an independent method of assessing the validity of the mass spectrometry results. We chose a subset of five FIG. 1. Representative SDS-PAGE gel illustrating proteins binding to the carboxyl terminus of ␣-synuclein in a sequence-and phosphorylation-dependent manner. Pulldown experiments using biotinylated 40-amino acid peptides that were either scrambled, nonphosphorylated (NP), or phosphorylated on Ser-129 (pS129) or Tyr-125 (pY125) were performed as described under "Experimental Procedures." Each lane is labeled with the peptide (scrambled, NP, pS129, and pY125) that was bound to the magnetic beads and used for each pulldown. Proteins bound to each peptide were eluted and heated at 95°C for 5 min in Laemmli sample buffer, separated by SDS-PAGE (4 -20%), and visualized by GelCode Blue staining. Lanes 2, 3, 5, and 6 are labeled with the peptide used for the pulldown. Protein markers are in Lanes 1, 4, and 7.
TABLE II
Proteins with preferential affinity for the Ser-129 phosphorylated
␣-synuclein interaction network
To be considered specific a protein had to have peptide hits greater than 3 times that of the control. Comparisons are shown only for proteins identified by 10 or more peptide (Pep) hits. A protein was considered to show preferential enrichment if it had 2 times the number of peptide hits in the pS129 pulldown relative to the NP peptide. Ion current -fold changes are also shown as confirmation of peptide hit quantification. n/a, not applicable; Snare, soluble N-ethylmaleimide-sensitive factor attachment protein receptors; CNPase, 2Ј,3Ј-cyclic-nucleotide 3Ј-phosphodiesterase. 
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TABLE IV
Proteins with preferential affinity for the non-phosphorylated
␣-synuclein interaction network
Criteria were the same as in Table II . A protein was considered to show preferential affinity if it had 2 times the number of peptide (Pep) hits in the non-phosphorylated pulldown relative to the phosphorylated. n/a, not applicable. Cytochrome c oxidase subunit VIIa-related protein proteins for which robust antibodies were available for Western analysis of brain proteins pulled down by the various peptides. As shown in Fig. 2 , we confirmed that all five of the identified proteins showed a similar pattern of enrichment in complexes pulled down by pS129 and pY125 peptides or the NP peptide as we found with the mass spectrometric analysis. Physiological Relevance for Human Brain-Because these studies were all carried out using human ␣-synuclein peptides to pull down mouse synaptosomal proteins, we wanted to make sure that the marked differences in affinity of synaptosomal proteins based on the phosphorylation state of the bait peptide was conserved with human synaptosomal proteins. We carried out a Western blot analysis of proteins pulled down by the bait peptides using human brain extracts and found very similar findings with human and mouse brain extracts (Fig. 3) .
Finally we asked whether the protein interactions seen with the carboxyl-terminal domain of ␣-synuclein would be replicated when the domain was part of the full-length protein.
Full-length ␣-synuclein at 3-fold molar excess to NP was able to partially compete the pulldown of three different electron transport chain proteins as well as the mitochondrial VDAC; 10-fold molar excess completely blocked the pulldown (Fig.  4) . Because recombinant ␣-synuclein containing amino acids 1-124 (lacking the last 15 amino acids) failed to compete even when present at 10-fold molar excess, the competition seen with the full-length protein was not a nonspecific effect of adding an excess of recombinant protein or peptide. Although we do not know the minimum extent of the interacting domain, interruption between residues 124 and 125 destroyed the interaction because neither the truncated protein containing residues 1-124 nor a peptide containing the terminal 16 amino acids, including the Ser-129 residue, was able to compete (supplemental Fig. 3 ). Finally full-length mouse ␣-synuclein and full-length human ␤-synuclein were able to compete with biotinylated NP peptide in the pulldown, whereas human ␥-synuclein, another ␣-synuclein paralog, was not (supplemental Fig. 3 ). Mouse ␣-synuclein and human ␤-synuclein are highly homologous to human ␣-synuclein at their carboxyl termini and undergo phosphorylation on serine (36, 37) . In contrast, ␥-synuclein has very little homology to ␣-synuclein at its carboxyl terminus, and, therefore, it is not surprising that it was not able to compete with the NP peptide in our pulldown experiments (37).
DISCUSSION
Our targeted functional proteomics approach provides a broad and unbiased look at the differences in protein networks associated with phosphorylation of ␣-synuclein. Labelfree relative quantification was determined by two methods: the number of independent assignments or hits of a given peptide (more sensitive to minor components) and the ion current intensity (more accurate for major components). Both quantification methods are widely used for initial profiling in 
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TABLE V
Proteins with no detectable phosphorylation-dependent affinity
These proteins appeared equally in pulldowns with both forms of ␣-synuclein. Filter criteria were the same as in Table II high throughput comparative proteomics studies (38, 39) . Tables II-IV provide strong evidence to support a change in the role of ␣-synuclein upon phosphorylation. Phosphorylated ␣-Synuclein Affinity-A striking and biologically intriguing observation is the enrichment for cytoskeletal proteins seen with phosphorylated versus non-phosphorylated ␣-synuclein carboxyl-terminal peptide. Structural proteins are frequent contaminants in pulldown assays and proteomics studies. However, we used very strict cutoffs for inclusion and for consideration as relevant preferential interactions. Many more structural proteins did not make our threshold for inclusion and can be found in the supplemental material. Thus, the proteins shown in Tables II-V are shown with confidence.
The interaction of MAP1B with the carboxyl-terminal 45 amino acids of ␣-synuclein has been observed previously, although an increased affinity with phosphorylation was not previously recognized (26) . A striking and novel observation in the pulldown using phosphorylated peptide was the prominence of non-erythrocyte ␣II and ␤II spectrins (fodrins) and the spectrin-interacting proteins ankyrin and band 4.1B (27, 28) . In addition, we saw two isoforms of cytoplasmic actin, ␤-and ␥-actin (29, 30) ; non-muscle myosins; and one species of neurofilament. These proteins are present in the presynaptic portion of neurons and form what has been referred to as the presynaptic particle web involved in stabilization of the synapse (31, 40) . This result suggests that phosphorylation could promote tethering of ␣-synuclein to the synaptic cytoskeleton, thereby also holding synaptic vesicles bound to the amino-terminal amphipathic helix of ␣-synuclein in place as well.
In Lewy bodies, ␣-synuclein is predominantly phosphorylated at Ser-129 (7). Lewy bodies have been shown to contain cytoskeletal proteins, including MAP1B, spectrin, cytoplasmic actin, neurofilament L, and tau (41) . The data presented here suggest that the pathway to the production of Lewy bodies involves the interaction between phosphorylated ␣-synuclein and cytoskeletal elements.
Another interesting group of proteins interacting with phosphorylated ␣-synuclein are enzymes and signaling proteins involved in serine/threonine phosphorylation. Previous work has indicated that casein kinase 2 is the major kinase responsible for phosphorylation of ␣-synuclein at Ser-129 with much less activity demonstrated by casein kinase 1 and CaM kinase (12, 33) . However, the increased affinity we saw for casein kinase 1, CaM kinase, and MARK2 with the phosphorylated peptide suggests either that these kinases are recognizing the product of phosphorylation rather than substrate or that they are not direct interactors with ␣-synuclein but are part of a complex that recognizes phosphorylated ␣-synuclein preferentially. It is worth noting, however, that the affinity of casein kinase 1 for phosphorylated ␣-synuclein is greater when the phosphorylation is at Tyr-125 rather than at Ser-129, raising the interesting possibility that Tyr-125 phosphorylation may be involved in a cooperative manner with serine phosphorylation at Ser-129. The tyrosine at position 125 can be phosphorylated by Src family kinases in cell culture, but we lack conclusive evidence that physiological phosphorylation at that site occurs in the brain (2, 3) .
Clathrin heavy chain and subunits of AP-2 and AP-1 adapter complexes involved in clathrin-mediated endocytosis are also enriched among the proteins preferentially pulled down by phosphorylated ␣-synuclein over non-phosphorylated ␣-synuclein. AP-2 interacts with clathrin and is involved in endocytosis of synaptic vesicles destined to enter the recycling pool in the presynaptic region (42) . If the interaction between the clathrin⅐AP-2 complex and ␣-synuclein is direct, this finding is of interest because recent data show that ␣-synuclein may be required for the genesis and/or maintenance of the "reserve" or "resting" pools of presynaptic vesicles (5-7). Proteins involved in vesicle trafficking were also identified as modifiers of ␣-synuclein toxicity in screens of C. elegans (8, 43) . Thus, phosphorylation of ␣-synuclein may be important for its involvement in synaptic vesicle endocytosis.
There remains a long list of proteins showing a substantial preference for phosphorylated ␣-synuclein such as limbic system-associated membrane protein precursor, serine ␤-lactamase-like protein, and opioid-binding protein/cell adhesion molecule-like. Although it is impossible to group all of Pulldown experiments using biotinylated NP peptide were performed in the presence or absence of a 3ϫ or 10ϫ molar excess of recombinant full-length human ␣-synuclein (residues 1-140) or a control protein consisting of truncated ␣-synuclein lacking the terminal 16 amino acids (residues 1-124). Eluted proteins bound to the biotinylated peptide were separated by SDS-PAGE (4 -20%), and Western analysis was performed using specific antibodies. The eluted protein mixture was stained with GelCode Blue to identify the streptavidin, which served as a gel loading control. these proteins into a coherent interaction network, our hope is that many of these proteins will serve as impetus for further experiments in the field.
Non-phosphorylated ␣-Synuclein Affinity-The pulldown using the NP peptide was enriched for a very different set of proteins than was found with either the pS129 or pY125 peptides (Table IV) . The most striking finding is that the NP peptide pulled down a large number of subunits of electron transport chain proteins with much greater affinity than did either of the phosphorylated peptides. Table IV includes 31 of the 46 subunits of complex I of the electron transport chain as well as many complex III and complex IV proteins but not complex II proteins. Complex I is an L-shaped multimer with one hydrophobic arm that is inside the inner mitochondrial membrane and a more hydrophilic arm that is outside the membrane (45, 46) . The 31 subunits of complex I listed in Table IV are not from any known precursor subcomplex of complex I and include proteins that seed complex I assembly, such as the mitochondrially encoded proteins, those that enter the complex somewhat later but prior to incorporation of the B17.2L chaperone, and proteins that come into the complex late and are located in the hydrophilic arm, such as NDUFS4 and NDUFS6 (45) . A previous proteomics analysis of purified complex I showed that many of the complex III and IV proteins identified here co-purify as contaminants (47), reflecting the existence of a supercomplex consisting of complexes I, III, and IV referred to as the respirasome (35) . Thus, we propose that the enrichment for electron transport chain proteins pulled down with the non-phosphorylated carboxyl terminus of ␣-synuclein is consistent with a preferential interaction of ␣-synuclein with one or more components of the respirasome complex.
There are a number of limitations to the study reported here. The first is that some of the proteins pulled down in a phosphorylation-dependent manner are likely false positives. Some are likely technical false positives due to nonspecific interactions with biotinylated peptide and the streptavidin beads. Based on the results with scrambled peptide, we believe this class of false positives is rather small. A larger class of false positives is made up of biological false positives. These proteins are likely to be in protein complexes in which only a small number of proteins are actually interacting, whereas the rest are pulled down through their association in the complex. Identifying which proteins are directly interacting will require substantial additional experiments to sort through these lists and test them for direct interaction. We have initiated such experiments using the yeast two-hybrid system to test for direct interactions and have already found domains in some of the cytoskeletal proteins in Table II that can interact directly with the carboxyl-terminal portion of ␣-synuclein.
2 A second limitation is that the experiments were performed with only a portion of ␣-synuclein. Although the competition experiment demonstrated that the COOH terminus when part of the full-length protein was able to specifically compete with a representative sample of the interactions, it still remains true that these experiments do not capture all the changes in conformation and subsequent interactions of the full-length protein conferred by phosphorylation. Finally the results described here are all derived from in vitro experiments, and the biological significance of many of these interactions remains an open question. Additional studies need to be performed in relevant living cells, such as neurons, in which the ␣-synuclein is either constitutively phosphorylated or is unphosphorylatable. The results reported here are only the first steps that should prove useful for generating novel hypotheses to be tested in more biologically complex and authentic systems.
There are a number of published proteomics studies describing interactions of ␣-synuclein with cellular proteins. These studies have primarily involved treating cells or whole animals with mitochondrial poisons, such as rotenone or 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine, and then performing a quantitative proteomics analysis of the changes in the identity and quantity of proteins found to interact with ␣-synuclein on an affinity column (48 -50) . To the best of our knowledge, ours is the first proteomics study to evaluate phosphorylation-dependent ␣-synuclein interactions. Fewer than a dozen proteins were found to overlap between these published studies and the research presented here. This may not be quite so surprising given that the previously published studies were designed to address different questions than the question being asked here. The published studies were looking for changes in proteins that interact with ␣-synuclein after toxic stress, whereas this study was designed to identify proteins with differential binding affinity for phosphorylated versus non-phosphorylated ␣-synuclein. None of the studies on proteins interacting with ␣-synuclein after exposure to toxins addressed the question of the phosphorylation status of ␣-synuclein in the treated versus untreated samples of cells or brain tissues. If there were little in the way of significant changes in the phosphorylation status of ␣-synuclein following these treatments, then we would not expect that the changes seen in those studies should overlap substantially with our data. If the bulk of ␣-synuclein remained non-phosphorylated after treatment with these toxins, an interaction with mitochondrial proteins would be missed because mitochondria were specifically excluded in two of these studies, whereas in the third there was substantial mitochondrial damage and cell loss.
Complex I dysfunction has long been hypothesized as an important component of the pathogenesis of PD (51-54). Li et al. (55) proposed that ␣-synuclein co-purifies with a mitochondrial fraction from brain and reported an immunogold electron micrograph showing a small number of gold particles marking the outer mitochondrial membrane using antibody against ␣-synuclein. In published results, we also demonstrated that ␣-synuclein, when expressed at low to moderate levels in stably transfected neuroblastoma cells, could translocate onto mitochondrial membranes following oxidative stress or reduced intracellular pH (56) . This membrane interaction was likely through binding to cardiolipin, an acidic phospholipid for which the lipid binding amino-terminal portion of ␣-synuclein has high affinity, and no evidence was found for ␣-synuclein actually entering the mitochondria. The electron transport chain complexes are located within the inner mitochondrial membrane, however, and it is therefore puzzling to find a predominance of electron transport chain proteins pulled down by non-phosphorylated ␣-synuclein in the current study.
In contrast to our results (56), Devi et al. (57) and Parihar et al. (58) demonstrated that in cells that overexpressed ␣-synuclein the protein can enter mitochondria and interfere with mitochondrial function. Devi et al. (57) and Li et al. (55) went on to propose that the large number of lysines present in the repeated motifs in the amino terminus of the protein can serve as a cryptic mitochondrial targeting sequence that allows ␣-synuclein to enter mitochondria. One can hypothesize that with high levels of expression of non-phosphorylated ␣-synuclein the protein is untethered to cytoskeletal elements and is free to enter mitochondria where it can interfere with complex I of the electron transport chain. If perhaps the capacity to phosphorylate ␣-synuclein is limiting, overexpression of the protein or mutations that prolong its half-life would increase the levels of non-phosphorylated protein disproportionately and, therefore, cause more mitochondrial inhibition. These results are consistent with the results of Gorbatyuk et al. (16) and support a model that places non-phosphorylated ␣-synuclein in the pathway leading to mitochondrial dysfunction and the development of PD. The enzymes involved in phosphorylating and dephosphorylating ␣-synuclein might, therefore, be potential therapeutic targets in PD.
